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Abstract

The Delta variant of SARS-CoV-2, specifically identified as B.1.617.2, is responsible for
the severe outbreaks witnessed globally, including in various countries and cities, with
Sydney Greater Metropolitan Area (Sydney GMA) being no exception. According to sci-
entific studies, the Delta strain exhibits increased contagion and leads to a higher incidence
of vaccine breakthrough cases, posing significant challenges to pandemic control efforts.
In this study, we explore the efficacy of three fundamental control strategies—namely, vac-
cination rates, adherence to facemask usage, and the management of travel loads—in miti-
gating the spread of the disease and, consequently, eliminating the Delta variant pandemic
in Sydney GMA. We employ an agent-based disease spread model to thoroughly investi-
gate these strategies. Moreover, factorial MANOVA is utilised to assess the significance of
variations in the impact of diverse compliance levels with the aforementioned control strat-
egies on various attributes of the pandemic. As complete lockdowns and stringent travel
regulations have the potential to induce physical and mental distress in individuals and
economic crises for countries, our study examines the interactive effects of implementing
control strategies to mitigate the necessity for a full lockdown. The simulation results sug-
gest that suppressing a pandemic with similar characteristics to Delta variant of COVID is
feasible with a vaccination rate of 80% or higher, as long as travel load and activity partici-
pation are maintained at pre-COVID levels. Alternatively, a more realistic and attainable
combination of control measures—a vaccination rate of 60%, a facemask usage level of
60%, and a 50% compliance level for social distancing—demonstrates comparable efficacy,
leading to effective pandemic control. Notably, the vaccination rate emerges as a more
potent control strategy compared to others in the elimination of the disease within society.
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Introduction

In 2023, while not as severe as the years 2020 to 2022, the world still contends with a
persistent pandemic brought about by the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), which initially emerged in Wuhan, China, in December 2019. Since that
time, countries worldwide have implemented various control strategies to curb the spread
of the disease, including case isolation, social distancing, facemask usage, full lockdowns,
teleworking, school closures, and more. While these control measures proved largely suc-
cessful in managing the pandemic induced by the original, Alpha, and Beta variants of the
coronavirus, the challenge escalated with the emergence of the Delta variant of COVID-19.
Controlling the pandemic, primarily driven by the Delta variant, posed heightened difficul-
ties despite the prior success of these strategies. Although the outbreak caused by the Delta
variant has now subsided, it would be beneficial to examine the characteristics of this virus
and investigate which combination of control strategies could be efficient according to a
disease spread model. This information can be valuable in addressing outbreaks with simi-
lar characteristics in the future.

The SARS-CoV-2 Delta variant, originating in India, posed a new global challenge in
the latter half of 2021, being approximately 60% more contagious than the original corona-
virus strain (Yang and Shaman 2021) and exhibiting a viral load roughly 1000 times greater
than the original strain (Li et al. 2021). The control strategies in place proved insufficient
in halting the Delta pandemic due to the virus’s heightened transmissibility and viral load.
[lustrating this challenge, the situation in the Sydney Greater Metropolitan Area (Sydney
GMA) serves as a notable example. While the strategies employed in Sydney GMA had
significantly curbed the spread and successfully controlled previous strains of the coronavi-
rus, the primary control measure—full lockdown—proved less effective in suppressing the
Delta variant-induced pandemic. Consequently, alternative strategies, such as achieving a
high vaccination rate, became indispensable in gaining control over the pandemic.

As an adjunct control strategy, the investigation into vaccination merits attention to
comprehend its potential in aiding countries to effectively confront and overcome the Delta
variant pandemic or future pandemics with similar characteristics. Drawing from studies
conducted in Scotland, England, and Canada to assess vaccine efficacy, although vaccina-
tion demonstrated effectiveness of up to 90% in reducing non-Delta infections, hospitalisa-
tions, and deaths, the occurrence of vaccine breakthrough cases was more prevalent with
the Delta variant. The efficiency of vaccination diminished to a range of 79-87% in con-
trolling infections, while its effectiveness in reducing hospitalisations and deaths remained
constant (Lopez Bernal et al. 2021; Nasreen et al. 2021; Sheikh et al. 2021). This nuanced
understanding of vaccination effectiveness is a pivotal consideration when examining the
impact of vaccination rates on gaining control over Delta or analogous pandemics.

Another crucial aspect worth noting is that economic restrictions cannot be sustained
indefinitely. Research findings indicate that prolonged implementation of stringent control
measures, such as extended periods of full lockdowns, may lead to mental health issues
and psychological distress (Hawryluck et al. 2004), as well as physical consequences like
muscle loss (Kirwan et al. 2020), affecting both adults and adolescents (Fegert et al. 2020).
Consequently, an extended lockdown may not be viable. This paper delves into determin-
ing the optimum level for restrictions, termed as ‘travel load’ herein, to be imposed and
evaluates its impact. Furthermore, people globally have faced challenges in adhering to
stringent control measures and are less inclined to comply with severe strategies such
as social distancing. Although compliance levels with these measures have significantly
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decreased, a majority still deems wearing facemasks tolerable if necessary. Therefore, the
focus should be on exploring the best compliance levels for vaccination, facemask usage,
and travel load. It is noteworthy that enforcing high levels of social distancing, while effec-
tive, may not be feasible in an active economy. Thus, in contrast to Najmi et al. (2021), this
paper does not underscore social distancing as a core strategy.

In this current study, we delve into the effectiveness of various compliance levels con-
cerning facemask usage, travel load, and vaccination rates, along with their interactions, in
suppressing the Delta variant. We employ a disease spread agent-based simulation model
specifically developed for Sydney GMA (Najmi et al. 2021a), shedding light on the most
efficient combinations of control strategies for pandemics of a similar nature. Furthermore,
we conduct a factorial MANOVA analysis to scrutinise the significance of the differences
in the impact of diverse compliance levels with the aforementioned control strategies on
the attributes of the pandemic.

Literature review

Since the emergence of the COVID-19 pandemic, several studies have been done all across
the globe on the effectiveness of different control strategies such as case isolation (Hel-
lewell et al. 2020), social distancing (Chang et al. 2020; Gomez et al. 2021; Hoertel et al.
2020; Mahdizadeh Gharakhanlou and Hooshangi 2020; Najmi et al. 2021b; Silva et al.
2020a), school closure (Chang et al. 2020; Hoertel et al. 2020; Mahdizadeh Gharakhanlou
and Hooshangi 2020; Truszkowska et al. 2021a), vaccination (Livshits et al. 2021; Tata-
pudi et al. 2021; Thompson and Wattam 2021), contact tracing (Aleta et al. 2020; Almagor
and Picascia 2020; Hinch et al. 2021), and facemask use (Hoertel et al. 2020; Miiller et al.
2021; Najmi et al. 2021b; Silva et al. 2020a) to suppress the outbreak of the infection using
disease spread agent based models while a lot more researches have been conducted using
aggregated mathematical models (Kemp et al. 2021; Kucharski et al. 2020; Vardavas et al.
2020). The results of these studies can serve as a valuable source of information for poli-
cymakers and authorities, guiding them in implementing the most effective combination of
control strategies to manage pandemics of a similar nature while businesses operate, and
the economy remains active.

In the event of a complete lockdown, some research has concentrated on exploring the
most efficient control strategies that not only aid authorities in minimising the risk of dis-
ease resurgence but also facilitate the reopening of economies by easing stringent restric-
tions (Livshits et al. 2021). According to the findings of these studies, proper vaccination
rate (Panovska-Griffiths et al. 2021; Truszkowska et al. 2021b), facemask use (Najmi et al.
2021b), and implementation of testing and contact tracing (Aleta et al. 2020; Tatapudi et al.
2020) are the suggested strategies to circumvent high compliance of social distancing and
reopen economies safely. In another study, the impact of various levels of school reopening
on the spread of COVID-19 is examined, utilising a calibrated agent-based model based on
data from an urban region in the US (Tatapudi and Das 2021). Their analysis reveals that in
the scenario of full school reopening, the total number of infected cases would increase by
8.16%, whereas with a 50% return to school, this growth is smaller, approximately 1.26%.
The research suggests a partial return to school, alongside other interventions such as wear-
ing facemasks, practicing social distancing, and maintaining hand hygiene, as effective
measures to control the spread of the virus.
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All the aforementioned studies utilised attributes such as transmissibility, vaccine
effectiveness, incubation, and recovery period, focusing primarily on non-Delta variants
of COVID-19. However, the Delta pandemic presents a significant challenge with distinct
characteristics. According to a retrospective study by Ong et al. (2021), examining attrib-
utes of different variants of SARS-CoV-2, the Delta strain proves to be more contagious
and severe, a finding consistent with many other studies (Fisman and Tuite 2021; Mlco-
chova et al. 2021; Musser et al. 2021; Pasaoglu et al. 2016). Another noteworthy feature
contributing to the increased transmissibility of the Delta variant is its shorter incubation
period, measuring 4 days, compared to the longer 6-day incubation period for previous
variants (Li et al. 2021).

According to an analysis conducted by Musser et al. (2021) vaccination breakthrough
cases were about 14% more for Delta infection than all previous variants. Some other
research showed a 12-19% reduction in vaccine effectiveness against the B.1.617.2 vari-
ant (Delta) compared to their performance against B.1.1.7 (Alpha) after getting the first
dose while the difference in efficiency is very small after two doses (Lopez Bernal et al.
2021). Although the efficiency of vaccination against hospitalisation due to the Delta vari-
ant was around 90% (Stowe et al. 2021), evidence indicated that vaccination was not influ-
ential in slowing down Delta infection spread in India (“Predominance of Delta variant
among the COVID-19 vaccinated and unvaccinated individuals, India, May 2021 2021).
These findings imply that although vaccination is effective in preventing severe infections,
reducing mortality, and easing the strain on the health system, it may not be equally effec-
tive in slowing down the spread of the disease. Vaccinated infectious cases seem to be as
contagious as non-vaccinated infectious cases. In this context, based on practical experi-
ence, non-pharmaceutical control strategies have proven to be pivotal measures that aided
India in navigating through the challenges posed by the Delta pandemic (Yang and Sha-
man 2021). To examine the Delta pandemic in India, Salvatore et al. (2021) utilised an
SIR model to analyse the resurgence of the Delta variant and underscored the significance
of early implementation of control strategies. Investigating the precise and comprehen-
sive determination of the optimal and sufficient level of these control strategies is a key
criterion.

As of the date of writing this paper, there are only a few research studies within the lit-
erature that have focused on the Delta variant of the coronavirus and examined the efficacy
of various control strategies in suppressing it, employing a calibrated agent-based model.
For instance, in their analysis of various non-pharmaceutical control strategies including
school closure, social distancing, and case isolation, Chang et al. (2021) recommended an
80% compliance level with social distancing to bring the Delta pandemic in Sydney under
control. While the findings from Chang et al. (2021) caution against reducing the social
distancing compliance level, even to 70%, we posit that achieving such a high level of
social distancing may prove practically challenging when the economy in open. Addition-
ally, the agent-based parameter calibration in their research is unstructured, and the authors
do not account for the interconnected effects between different parameters on pandemic
attributes.

In summary, despite numerous studies evaluating the effectiveness of various con-
trol strategies in managing non-Delta outbreaks of COVID-19, there is a gap in the lit-
erature when it comes to specifically studying the Delta variant using agent-based models
and assessing the performance of control strategies. The findings from those studies may
not be directly applicable to the Delta pandemic due to distinct disease attributes, such as
increased transmissibility and a higher incidence of vaccine breakthrough cases, resulting
in lower vaccine effectiveness. This study stands out by exploring the optimal levels of
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facemask usage and vaccination rates with minimal risk of disease resurgence while main-
taining open activities and a functioning economy. It employs a systematically calibrated
agent-based disease spread model developed for Sydney GMA (Najmi et al. 2021a). The
insights gained from this study can prove valuable in effectively addressing outbreaks of a
similar nature.

Method

This section is organised as follows: Firstly, Sects. 3—1 provides a detailed explanation
of Sydney GMA'’s transport model and the agent-based disease spread model, serving
as the simulation tools employed in this research. Subsequently, Sects. 3 —2 outlines the
defined target control strategies. Moving on, Sects. 3-3 delves into the metrics utilised for
evaluating the effectiveness of various control strategies in pandemic management. Lastly,
Sects. 3—4 introduces the statistical approach of MANOVA, which is applied to simulation
outputs to investigate the significance of differences in the effects of various compliance
levels of control strategies on pandemic attributes.

Simulation models

To capture patterns of disease transmission throughout the community, this study utilises
an agent-based disease spread model introduced by Najmi et al. (2021a). This model has
been developed based on the Sydney GMA activity-based model (SydneyGMA model).
The authors systematically calibrated the model parameters, encompassing both disease-
related and travel behaviour-related aspects, specifically for Sydney GMA. As a result, the
model is capable of accurately replicating the number of COVID-19 active cases in Sydney
GMA, both on a daily and cumulative basis. Therefore, it serves as an appropriate model
for this study, facilitating policy analysis on the impact of various control strategies, as
outlined in the evaluation metrics to be defined in Sects. 3—-3. The simulation models are
detailed in the following.

Disease transmission model

The disease transmission model used in this analysis is developed based on SydneyGMA
by Najmi et al. (2021a) and can simulate the spread of the virus within the population
through intra-household relationships and travel for out-of-home activity participation.
Agents are assumed to be in one of the seven defined states: infected, vulnerable, exposed,
quarantined, quarantined family member, healed, or dead. All agents, except those who are
infected, are initially classified as vulnerable. Upon social contact with diseased agents,
susceptible agents may probabilistically become infected, transitioning to the exposed
state. Exposed agents are in the incubation period, rendering their infections non-con-
tagious. After the incubation period, exposed agents move to the infected category and
become contagious. Infected agents, along with their family members, are probabilisti-
cally quarantined by authorities and move to quarantined and quarantined family member
classes, respectively. Each quarantined family member who becomes infected moves to the
quarantined category. After 14 days, the typical period of COVID-19 recovery, infected
agents recover and are assumed to be immunised. However, some quarantined agents may
die. The unquarantined dead cases are ignored by this simulation. While recovery time may
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vary among individuals, and it could be associated with a distribution, we opted for a con-
stant recovery time in our model for the sake of simplicity. It is important to emphasise
that this simplification does not compromise the generality of the model. Moreover, unlike
(Miiller et al. 2021) that explicitly incorporates hospital stays as a distinct state with differ-
ent time dynamics than home quarantine, we did not differentiate between hospital stays
and home quarantine. In this study it is assumed that all infected agents, whether quaran-
tined at home or not, recover (or may die) after 14 days, aligning with the typical recovery
period for COVID-19 as reported in the literature (Bhapkar et al. 2020; Eikenberry et al.
2020; Shamil et al. 2021; Tang et al. 2020). A flowchart demonstrating these processes
through which an agent’s category may change is provided in "Appendix A".

In this paper, the term ‘parameter’ refers to the estimated weights of variables. The sim-
ulation model parameters are classified into three main groups. Firstly, travel behaviour
parameters that are associated with SydneyGMA model that influence activity participa-
tion rates (and consequently contact rates), activity location, activity start time and dura-
tion, and travel modes. These parameters have already been calibrated for Sydney. The sec-
ond set of parameters is ‘policy-related’, defining interventions implemented by authorities
in response to COVID-19, such as business closures, ultimately leading to changes in trip
generation patterns. Policy-related parameters are set according to the target scenarios, and
this study’s analysis centres on the sensitivity of the disease transmission model to these
parameters. The last class of parameters is related to the disease transmission model, speci-
fying virus characteristics and the performance of authorities and the healthcare system.
This includes parameters like the incubation period, and probabilities of agents transition-
ing between states (e.g., exposed to infected, infected to quarantined, infected to healed,
quarantined to dead). The parameters in this third class are calibrated to replicate observed
data. For a brief summary of the calibration process, please refer to "Appendix B".

SydneyGMA

SydneyGMA is an agent-based model specifically developed for Sydney GMA, consisting
of three primary components: the population synthesiser, network, and demand. The popu-
lation synthesiser employs an iterative proportional fitting (IPF) method to generate char-
acteristics for households and individuals (e.g., the number of vehicles owned by a house-
hold or the gender of individuals) for the 5.8 million residents in Sydney GMA. This IPF
method is applied to data collected by the Australian Bureau of Statistics. To determine
the travel time for various links in the network, the estimated demand is allocated to dif-
ferent routes within the network component. The computed travel times are subsequently
fed back into the demand component, and the updated demand is used to re-estimate the
network’s travel time. This iterative process continues until the travel times for the network
links converge. The demand component in SydneyGMA comprises multiple choice models
and a scheduler known as TASHA.

TASHA’s prototype was initially introduced by Miller and Roorda (2003), with subsequent
enhancements made to incorporate a route-based mode choice model (Miller et al. 2005) and
vehicle transactions (Roorda et al. 2009). This Scheduler functions as an agent-based model,
generating individual activity schedules through a bottom-up process. Initially, activity epi-
sodes are created for individuals, and then activities are organised to form feasible individ-
ual schedules. Adjustments, such as shortening or shifting activities, are applied to resolve
temporal conflicts. Utilising this information, trip chains are extracted, and potential travel
choices, like ridesharing, are simulated based on individuals’ sociodemographics, household
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characteristics, and trip patterns within TASHA, using the implemented tour-based mode
choice model. While TASHA'’s primary purpose is the development of travel behaviour and
transport policy analysis, it also serves effectively in tracing individuals’ contacts and presence
in potential transmission places, exposing people to COVID-19. Thus, it provides a mathemat-
ical framework for assessing various COVID-19 policies, as explored in this paper.

SydneyGMA strategically allocates public transport trips to specific paths within the transit
network, allowing various elements of transit journeys (such as in-vehicle time, walking to/
from transit, and waiting and transferring) to be assessed and treated as possible sites for dis-
ease transmission. Consequently, the incorporation of SydneyGMA enhances disease spread
modelling by factoring in potential locations of transmission. However, it is important to note
that SydneyGMA does not specify the particular public transport vehicle used by each agent.
Consequently, we choose interacting agents from those employing the public transport mode
who share the same destination and activity type, with similar approaching times. Importantly,
the assumptions regarding the transport model do not impact the conclusions derived from
the relative analysis presented in the Results section. The primary objective of the paper is not
to offer precise forecasts; rather, it aims to evaluate the relative costs and benefits of different
confinement policies.

In summary, SydneyGMA simulates the daily activity participation of all residents, captur-
ing details such as the purpose, start and end times, location, and mode of transport, along
with the socioeconomic characteristics of each individual. With comprehensive knowledge of
individuals’ tempo-spatial information, the SydneyGMA model can replicate social contacts,
a primary driver of disease spread in communities. SydneyGMA has been employed to con-
struct an agent-based disease transmission model, providing a thorough evaluation of various
control strategies. It is important to note a limitation of SydneyGMA: while it simulates activ-
ity type, zone, and time on the schedule of each agent, it does not model face-to-face inter-
actions among agents in the same location at a detailed level. Instead, interacting agents are
randomly selected from individuals participating in the same activity in the same zone during
overlapping times. Figure 1 illustrates the entire simulation process. Given that SydneyGMA
replicates individuals’ activity participation over a single day, the disease spread simulator fre-
quently runs SydneyGMA to project virus spread over the entire duration of the pandemic,
which could span months or years.

Furthermore, in this study, we conducted repeated model runs for each scenario until the
virus transmission was eliminated. It’s essential to recognize that the number of days varied
across scenarios, contingent on the combination of control strategies and the assumed level of
compliance in each scenario. This research’s simulation scenarios depict hypothetical situa-
tions where a typical day is iterated until the virus is eliminated. The trip generation process is
managed by TASHA, a strategic model that formulates a typical working day travel schedule
for individuals and is utilized to evaluate the impact of policies. However, it lacks the capac-
ity to capture weekly or seasonal patterns, representing a limitation of this research. However,
the primary objective of this study is to assess which combination of control strategies had the
most substantial impact on pandemic control within these scenarios that could be generated
using TASHA.

Fig.1 The structure of the dis-
ease transmission model

Disease Transmission model

Disease Spread Simulator ] I SydneyGMA
[ <
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For the analysis in this paper, the travel behaviour parameters and certain disease trans-
mission parameters align with those in Table 1 of Najmi et al. (2021b), representing the
calibrated parameters. Meanwhile, disease attributes such as vaccine effectiveness, repro-
duction rate, facemask efficiency, and infection rate are drawn from existing literature on
the Delta variant of COVID-19. Vaccine effectiveness against the Delta variant is reported
as 94% for Pfizer and 71% for AstraZeneca after one dose, increasing to 96% and 92%,
respectively, after two doses (Stowe et al. 2021). However, alternative studies suggest
lower vaccine effectiveness ranging from 79 to 87% for Pfizer against the Delta variant
(Lopez Bernal et al. 2021; Nasreen et al. 2021; Sheikh et al. 2021). Considering Pfizer
and AstraZeneca as the primary vaccines in Sydney, an average vaccine efficiency of 85%
is assumed in this paper’s simulation. The reproduction rate (R0) of the Delta variant is
higher than ancestral strains, ranging between 3.2 and 8, according to a recent meta-analy-
sis (Liu and Rocklov 2021). In this paper, the reproduction rate is set to 6, consistent with
(Liu et al. 2021). Facemask efficiency is influenced by factors such as mask type (N95, sur-
gical, or cotton), distance between people, etc. (Ueki et al. 2020). A comprehensive review
suggests a 67% effectiveness in reducing infection for facemasks against COVID-19 (Chu
et al. 2020). While no specific study addresses facemask efficiency with the Delta vari-
ant, this paper assumes a 64% efficiency. Concerning the infection rate, the Delta variant’s
infectiousness is reported as 5 to 9 persons per contact, whereas non-Delta variants have a
reduced range of 1.5 to 3.5 (Mcmorrow 2021). Additionally, parameters related to policy-
making and control strategies are configured based on the scenarios to be investigated.

Control strategies

As previously mentioned, this study focuses on investigating three main control strategies:
facemask use, vaccination rate, and travel load. While social distancing (SD) is acknowl-
edged as a key control strategy for disease spread (Najmi et al. 2021b; Silva et al. 2020b),
its effectiveness is not explored in this analysis. The intention is to identify the most effec-
tive combination of control strategies in a scenario where the economy is open, suggesting
a lower level of SD compliance. Nonetheless, it is assumed that a minimum level of SD
compliance, set at 50%, is maintained by many people as long as the possibility of infec-
tion persists. For simplicity, this study assumes a constant 50% SD compliance across all
experiments. The following paragraphs provide a brief explanation of the targeted control
strategies in this study.

Facemask use out of home (FMOH) To better understand the impact of partial compli-
ance with the facemask control strategy, six different compliance levels are considered in
this analysis: 0%, 20%, 40%, 60%, 80%, and 100%. Each compliance level represents the
proportion of people in society who wear facemasks outside the home at that particular
level. For clarification, a compliance level of 0% signifies that no one uses a facemask,
while 100% implies that everyone wears a mask outside the home.

Vaccination rate (VR) As discussed in the introduction section, vaccinating individuals
is recognised as an effective control strategy capable of reducing the number of hospitalisa-
tions. While the effectiveness of vaccination against the Delta variant is lower compared
to previous strains, it remains an essential strategy to confront the outbreak. Similar to the
facemask control strategy, this study considers six levels of vaccination rates in society:
0%, 20%, 40%, 60%, 80%, and 100%, where 100% signifies universal vaccination across
the entire population.
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Travel load (TL) This variable indicates the extent of an individual’s urban mobility
within the designated town, which is Sydney GMA in this paper. The term ‘travel load’
specifically encompasses intra-city trips, with across-the-board trips excluded from the
current analysis. The study evaluates five levels of demand load, including 20%, 40%, 60%,
80%, and 100%, to assess their impact on disease spread. To provide context for these lev-
els, 100% implies that people engage in all their activities without any restrictions, similar
to the pre-COVID era. Conversely, 20% signifies a scenario in which individuals expe-
rience a significant reduction in their freedom to participate in their intended activities,
equating to an 80% reduction in activity participation. Recognising the practical impos-
sibility of reducing travel load to zero, the analysis explores a range of possible travel load
scenarios, starting from 20%. Table 1 summarises the implementation approach of the
aforementioned control strategies in the ABM model.

It is worth mentioning that some studies focused on estimating or reporting actual com-
pliance rates with various control strategies. For instance, Roga et al. (2022) discovered
that 62% of their sample exhibited compliance levels exceeding 50%. Examining the first
wave of the pandemic, Kleitman et al. (2021) observed compliance rates around 90% in
Australia, the UK, USA, and Canada. It is evident that there exists no unanimous consen-
sus on the compliance rate. The current research does not primarily delve into measuring
actual compliance rates. It lies in assessing the impact of different compliance rates with
various control strategies on pandemic attributes. Hence, we assumed varying levels of
compliance and evaluated their effects on pandemic control, akin to the approach taken by
Chang et al. (2020) and Mukerjee et al. (2021) among others.

Evaluation metrics

To assess the effectiveness of different levels of control strategies, it is essential to employ
metrics that reflect the pandemic state and attributes during the implementation of these
strategies. In this study, four population-level metrics are calculated to gauge the impact
of various compliance levels with containment strategies in controlling the pandemic. The
reporting period for these metrics spans from the first infection to the last infection in the
population, representing the duration until virus elimination. The following sections pro-
vide a brief description of these metrics.

Total infections (TI) This metric represents the cumulative number of identified infected
cases in Sydney GMA from the initial infection to the last infection in the population.
Due to the influence of control strategies, individual activities, and transport modes used,
daily infections fluctuate throughout the pandemic. TI is calculated by summing the daily
infected cases over the entire duration of the pandemic.

Proportion of reduction (PoR) This metric serves as a measure corresponding to the
reduction in the total number of infections when a specific combination of VR, FMOH,
TL, and SD control strategies is implemented, compared to a scenario where no VR and
FMOH strategies are in place and TL is at 100%. Essentially, this measure is a restatement
of TI and is introduced for a more effective presentation of the population status concern-
ing the spread of infections.

Virus elimination (VE) This metric represents the number of days required to eliminate
the transmission of the disease within society, reaching a point where individuals no longer
face the risk of getting infected by the COVID-19 virus during their out-of-home activities.
In this context, the state of zero infections is defined as virus elimination (Dowdle 1998). It
is evident that achieving lasting and complete elimination of the virus is nearly impossible,
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given the potential for resurgence or the emergence of new variants. In this paper, the term
‘elimination’ is employed in a broader context, intending to convey effective containment
within a specific scenario. It is essential to emphasise that the term does not imply a perma-
nent absence but rather signifies a state within the model where virus transmission reaches
zero during our simulation process.

Active case intensity (ACI) This metric represents the duration, measured in days, dur-
ing which the number of coexisting infected individuals falls within a specific range.
The measure is categorised into three levels: low, medium, and high, denoted as L-ACI,
M-ACI, and H-ACI, respectively. The specified intervals correspond to less than 500 active
cases for L-ACI, between 500 and 1200 infected individuals for M-ACI, and above 1200
patients for H-ACI. By examining this metric, insights can be gained into the pressure on
the healthcare system at each stage, providing valuable information to assess the success of
control strategies in managing the pandemic. H-ACI signifies a situation where more than
1200 infected cases coexist simultaneously, leading to high pressure on hospital staff and
responsible authorities for care and management.

Statistical analysis

After conducting experiments for each previously mentioned scenario, the mean of the
evaluation metrics is utilised to analyse variance across multiple independent variables
using factorial MANOVA. ANOVA (analysis of variance) is a statistical method used to
assess the variance of two independent variables on a single dependent variable. Facto-
rial ANOVA extends this basic form to analyse more than two independent variables and
a single dependent variable. Factorial MANOVA (multivariate analysis of variance) fur-
ther extends factorial ANOVA by allowing the use of multiple dependent variables in the
analysis.

Factorial MANOVA is an inferential statistical method used to analyse the significance
of differences in the impact of various levels of independent variables on multiple depend-
ent variables. In this study, the independent variables are different levels of control strate-
gies, including VR, FMOH, and TL, while evaluation metrics such as TI, PoR, etc., are
considered as dependent variables. Factorial MANOVA also provides insights into the
magnitude of the effect of the independent variables (control strategies) and their interac-
tions on the dependent variables (evaluation measures). Initially, two statistics, namely Pil-
lai’s Trace and Wilks’ Lambda, are calculated to assess the applicability of MANOVA to
our data. The results of these tests are presented in Table 2.

Tabng T he results of Control strategy Statistics Value F Sig.
multivariate tests that are . .
(independent vari-

conducted to assess the able)
suitability of MANOVA.

FMOH Pillai’s Trace 3.110 98.428  0.000
Wilks” Lambda  0.000 545.985  0.000
VR Pillai’s Trace 3.401 127.306  0.000
Wilks’ Lambda  0.000  1033.894  0.000
TL Pillai’s Trace 2.835 145.271  0.000

Wilks” Lambda  0.000 605.894  0.000

@ Springer
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As indicated in Table 2, all the statistics are significant, leading to the rejection of the
null hypothesis. The null hypothesis posits that all levels of each independent variable have
the same effect on dependent variables, and there is no statistically significant difference
between those levels. The rejection of the null hypothesis signifies that the differences in
the impact of various levels of each independent variable on evaluation metrics (dependent
variables) are statistically significant. Therefore, the use of MANOVA is deemed appropri-
ate in this case. To analyse the effect of each control strategy in the absence of others, post-
hoc tests are conducted. Additionally, interactive influences of control strategies are plotted
to gain a comprehensive perspective on the impact of different combinations of control
strategies on pandemic attributes.

Results

In this section, we will first examine the influence of each control strategy on evaluation
metrics individually, utilising MANOVA analysis in Sects. 4.1 Subsequently, in Sects. 4.2
we will explore the interactive effects of these control strategies. Additionally, for inter-
ested readers, we present a sensitivity analysis of the calibrated model conducted by Najmi
et al. (2021a) in "Appendix B".

Isolated impact of each control strategy on evaluation metrics

Table 3 consolidates all outputs related to post-hoc tests of MANOVA, aiming to compare
the effects of different levels of each control strategy on evaluation metrics in the absence
of other control strategies. This information is invaluable for authorities seeking assistance
in selecting the best and most efficient containment strategy to limit the outbreak. For each
control strategy, two levels, I and J, are defined. The mean of the evaluation metrics for
level J is then subtracted from the corresponding mean for level I and inserted into the ‘I-J’
column in Table 3. For a clearer interpretation of the values in Table 3; Fig. 2 presents a
heatmap of the mean difference between two compliance levels (I and J) of control strate-
gies across the evaluation metrics. This figure offers a visual representation of the output
obtained from MANOVA post-hoc tests (Table 3). It is crucial to note that some scenarios,
such as VR of 100%, are model fictions and improbable to be achieved in reality.

The outputs reveal that both VR and FMOH strategies are positively correlated with
PoR, whereas TL has a less strong negative correlation with PoR. The less intense colors in
the heatmap of TL also confirm the aforementioned statement. In the case of the Delta out-
break, wearing facemasks during out-of-home activity participation by 80% of individuals
can reduce the number of total infections by 31.3%, which is lower than the amount of
reduction in non-Delta pandemics (32.7%) obtained by Najmi et al. ‘s study (2021a).

As Fig. 2 indicates, in the case of a 100% compliance level of FMOH in place, there is a
33.5% reduction in TI, while PoR is 42.1% for the full compliance level of VR. Therefore,
VR is a more powerful control strategy than FMOH, assisting in controlling the Delta out-
break by being about 10% more influential in TI reduction. Moreover, 100% adherence to
the FMOH strategy has the same impact on PoR as a VR between 40 and 60%, providing
further evidence of the substantial role of vaccination in suppressing the Delta outbreak. It
is worth mentioning that increasing the level of FMOH results in lower TI until it reaches
80%. After that, increasing the compliance level of FMOH will not lead to a significant
reduction in TI.

@ Springer
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Fig.2 The heatmap of the difference (I-J) between the means of the evaluation metrics (TI, PoR, VE,
L-ACI, M-ACI, H-ACI) for two different levels of control strategies (level I and level J), calculated by Fac-
torial MANOVA

Another control strategy included in this analysis is TL, which is negatively correlated
with TL In other words, a lower level of TL will lead to a higher PoR. In the case of normal
traffic load (100%), where everyone participates in their desired out-of-home activities, POR
is 18.4% less than a situation where TL is reduced to 20%. Although reducing TL can be a
useful strategy to decrease TI, it is not as powerful as VR or FMOH, as an 80% TL reduction
has the same influence as a 40% increase in VR and around a 60% increase in FMOH. Due
to this fact, it may be possible to keep the economy open at a 50% compliance level of social
distancing while appropriate levels of FMOH and VR are in place during the pandemic.

In the case of achieving a vaccination rate of 80% and 100%, the total number of days
required to control the Delta pandemic is 112 and 181 days less than the situation where
no one gets vaccinated, representing a significant reduction in time. For vaccination rates
of 20% and 40%, the Vaccine Efficacy (VE) increases by 27 and 48 days, respectively, due
to the interruption in herd immunisation, while VE is not statistically significant for a vac-
cination rate of 60%. An FMOH compliance level of 20%, similar to VRs of 20% and 40%,
causes a delay in herd immunisation, resulting in 14.5 more days needed to eliminate the
virus. However, increasing the compliance level from 40 to 100% shortens the number of
days required to control the Delta pandemic. For instance, when 80% of individuals are
wearing facemasks outside their homes, virus elimination occurs 116 days earlier than in
the case of not having an FMOH control strategy in place.

As expected, an increase in TL can result in a longer period needed to eliminate the
virus. For instance, in the case of 100% TL, it takes 150 days more to defeat the virus and
remove it from society compared to TL of 20%. Although reducing TL seems to be an
influential control strategy to shorten VE, sticking to the other two control strategies, VR
and FMOH, would be more beneficial in terms of eliminating infections while reopening
businesses. In this regard, a VR between 80 and 100% is as influential as reducing TL from
100 to 20%. Additionally, an 80-100% compliance level of FMOH can also benefit society
in terms of reducing pandemic life, similar to decreasing TL to 20%. This would guarantee
a more powerful effect of a combination of FMOH and VR in place compared to applying
restrictions to businesses to implement lower TL.
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Fig. 3 Interactive influence of FMOH and TL on the percent reduction of the total number of infected cases
(PoR) at VR=20% (a), VR=40% (b), VR=60% (c), and VR =80% (d)

In the case of H-ACI, indicating a high level of stress on the healthcare system, VR
appears to be the most effective control strategy. Achieving 80% VR can reduce the num-
ber of days with more than 1200 infections by 75 days. In terms of H-ACI, there is no
significant difference between 80% and 100% VR. FMOH also proves to be an effective
control strategy to alleviate pressure on the health system, as 100% FMOH can reduce the
number of days with High Active Case Intensity by 70 days. The impact of TL’s reduction
to 20% on shortening the H-ACI period is not as significant as VR and FMOH, and it can
reduce it at most by 52 days. According to Fig. 2, considering M-ACI and L-ACI, boosting
the compliance level of FMOH and VR will initially cause an interruption in herd immuni-
sation, but by reaching 80%, it will immunise the society and therefore shorten the number
of days in which 500 to 1200 infections occurred, leading to the alleviation of pressure on
the health protection system.

*The mean difference is significant at the 0.05 level.

Interactive impact of control strategies on evaluation metrics

Figure 3, 4 and 5 provide illustrations of the interaction between defined control strategies
and their impact on evaluating measures by plotting computed marginal means for runs.
Figure 3 shows the interactive effect of FMOH and TL on the percent reduction of total

@ Springer



Transportation

A at VR = 20% B

at VR = 40%
1200 FMOH
0%
1000— 1250 T fg:
. —60%
m o i 80%
= 800 4 1000 —100%
] 5
£ so0+ B 7s0q
E £
i} o
ER @ s00-
s =
200 250+
o o
T T T T T T T T T T
20% 40% 60% 80% 100% 20% 40% 60% 80% 100%
Travel Load (TL) Travel Load (TL)
at VR = 60% at VR = 80%
|
1000~ 1000~ FMOH
—o0%
—20%
40%
800~ 800~ — 0%
I o 80%
= v —100%
5 s00 5 00—
g £
£ £
i 400 W 4004
7 7
2 E
= =
200~ 200
o F o L — .
T T T T T T T T T T
20% 40% 60% 80% 100% 20% 40% 60% 80% 100%

Travel Load (TL) Travel Load (TL)
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Fig.5 Interactive influence of FMOH and TL control strategies on the number of days during which the

number of active cases (ACI) is low (L-ACI) (A), moderate (M-ACI) (B), and high (H-ACI) (C) at a vac-
cination rate of 60%

infections at several vaccination rates such as 20%, 40%, 60%, and 80%. The figures for 0%
and 100% VR are not included here as (1) we assume all countries started vaccinating people
and (2) 100% VR may be unattainable in practice. A reducing sensitivity of PoR to TL and
FMOH can be observed across Fig. 3a, d. As Fig. 3a indicates, at lower vaccination rates,
PoR shows the most sensitivity to the FMOH compliance level and travel load. The higher
the travel load, the lower the PoR, and a rise in FMOH compliance level would lead to a
higher reduction in total infections and therefore higher PoR. In contrast, where VR grows
and reaches 80%, as shown in Fig. 3d, PoR is not reliant on FMOH and TL unless at 100%
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TL and zero compliance with FMOH. According to Fig. 3d, maintaining a minimum of 20%
compliance level of FMOH together with 80% VR is a practical approach that will lead to
pandemic control while TL is as pre-COVID (100%). In case the enforcement of 20% FMOH
is not desirable, a reduction of travel load to 80% should be in place to obtain the same result.

As shown in Fig. 3c, wearing facemasks by less than 40% of people while the VR is
60% would not be an efficient strategy at 100% TL, even though it will result in a 58-88%
reduction in overall infections based on the FMOH level abided by individuals. At 60%
VR, the minimum safe level of FMOH strategy compliance appears to be 60%. As a result,
60% VR with 60% FMOH is a viable alternative to 80% VR and 20% FMOH for control-
ling the Delta epidemic while restoring the economy. This implies that VR and FMOH are
complementary control strategies so that a lack of compliance with one can be offset by a
higher level of compliance with the other.

The interactive effect of control measures on the number of days it takes to eliminate the
virus (VE) is depicted in Fig. 4. As indicated in Fig. 4a, at 20% VR and 40% or more TL,
virus elimination happens earlier at low and high levels of FMOH than at the medium lev-
els. At low levels of FMOH, herd immunisation and virus elimination occur naturally and
earlier but at the cost of a high number of infections, as can be seen in Fig. 3a. Whereas,
at high levels of FMOH, the society would be immunised as a result of the FMOH control
strategy, which results in virus elimination in fewer days and a low number of illnesses.
FMOH interrupts herd immunisation at intermediate compliance levels, resulting in a
longer time to eliminate the virus than in previous cases but with fewer infections com-
pared to lower FMOH compliance levels.

A similar explanation applies to the relationship between VE and TL at a constant level
of FMOH. At lower vaccination rates, the relationship between VE and TL is also not uni-
form. Considering a constant compliance level of FMOH, such as 40%, is in place at 40%
VR, for example, as seen in Fig. 4b, VE is shorter at low and high travel loads, while it
takes a longer time for the virus to be eliminated at intermediate travel loads. This occurs
as a result of the interruption of TL in the formation of herd immunisation. When TL falls
significantly, however, it leads to herd immunity and a shorter VE with fewer infected
cases. When TL is 100%, herd immunisation occurs naturally in a shorter amount of time,
though at the cost of a greater number of infections.

Furthermore, because the vaccine can cause herd immunisation, both the relationship
between VE and FMOH and the relationship between VE and TL begin to act monotonously
as VR grows, and moderate compliance levels with FMOH and TL will no longer cause an
interruption in herd immunisation. The VE trends, for example, are largely monotonous and
ascending at a VR of 80%, as seen in Fig. 4d. The lower the TL and the higher the FMOH
compliance, the sooner the infection will be destroyed. However, with an FMOH level of
80% or above, virus elimination is independent of the travel load and is at its minimum
amount, which is around 50 days. In terms of virus elimination, there is a considerable dif-
ference between the 80% and 100% travel load at zero FMOH while VR is 80%. At 100%
TL, a small increase in FMOH to 20% would result in a 600-day reduction in VE.

At a VR of 60%, Fig. 5 depicts the interactive effect of TL and FMOH on each category
of active case intensity (L-ACI, M-ACI, and H-ACI). The number of days the society expe-
riences L-ACI is much smaller at low and high levels of FMOH and TL than at medium
levels of them, where L-ACI is longer due to the deleterious influence of the aforemen-
tioned control strategies on natural herd immunisation (Fig. SA). It’s also worth noting that
the L-ACI pattern is different for FMOH levels of 60% or above, and it rises as TL rises.

The role of control strategies in relieving pressure on the healthcare system can be inves-
tigated using Figs. 4c and 5b. Under 60% of VR and a 60% compliance level of FMOH,
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even if there are no limitations on travel load, high and medium ACI (H-ACI, M-ACI) are
approximately zero, implying no strain on the health sector. In other words, the number
of days when the number of coexisting infected cases is between 500 and 12,000 or over
12,000 is near zero, and therefore, the healthcare system only experiences days with no
more than 500 patients, which is easier to manage with less stress.

Conclusion

Utilising an agent-based disease spread model based on SydnyGMA, an activity-based trans-
port model developed for the Sydney Greater Metropolitan Area, this study investigates the
interactive effects of various combinations of control strategies, such as vaccination rate
(VR), face mask use out of home (FMOH), and travel load (TL), on managing the Delta
outbreak in Sydney GMA. Several measures, including total infection (TI), proportion of
reduction (PoR), virus elimination (VE), and active case intensity (ACI), are defined to quan-
titatively characterise pandemic situations and facilitate a precise evaluation of the impact of
control strategies on the pandemic. To specifically analyze the outbreak caused by the Delta
variant of COVID-19, disease attributes were extracted from existing literature on Delta and
incorporated into the model. Using agent-based models for pandemic studies offers advan-
tages over other methods, such as aggregate ones. Despite requiring more data, the activity-
based model embedded in agent-based models captures the dynamics of individuals’ interac-
tions while traveling across the city to engage in their activities, allowing for a more detailed
and reliable analysis of virus spread in potential transmission places within the community.
This approach provides valuable insights for policymaking regarding pandemic control.

The simulation results indicate that wearing facemasks during outdoor activities can
lead to a 33.5% reduction in the total number of infections caused by the Delta virus. This
percentage increases to 42.1% when everyone is vaccinated. As highlighted in the results
section, full compliance with the FMOH strategy yields an equivalent impact on total
infection reduction as a vaccination rate ranging from 40 to 60%. Consequently, the find-
ings of this research position vaccination rate as a more potent control strategy compared
to facemask usage for addressing the Delta pandemic. Among the three factors consid-
ered—facemask usage, vaccination rate, and travel load—reducing travel load emerges as
the least effective control strategy. This is evidenced by the fact that decreasing travel load
from 100 to 20% has a comparable impact on lowering the overall number of infections as
increasing the vaccination rate by 40%.

suppressing the spread of the Delta variant proved to be more challenging than previous
strains, as evidenced by the reduced efficacy of containment strategies (as observed in the
comparison with Najmi et al. (2021b). Our study emphasises the positive impact of imple-
menting a combination of 60% vaccination rate (VR) and a 60% compliance level with the
FMOH strategy in controlling the Delta spread in Sydney, with the travel load (TL) remain-
ing as it was pre-COVID. This suggests the potential for keeping businesses open and lifting
restrictions. Even with an 80% or higher vaccination rate, pandemic control is achievable
with 20% compliance level with the FMOH strategy. Another equally effective alternative
entails a 40% vaccination rate paired with an 80% compliance level with the FMOH strat-
egy. Providing quantitative insights into the effectiveness of common control strategies in
suppressing the Delta strain outbreak of COVID-19, this study aims to inform policymakers
about the potential outcomes of their pandemic control decisions. It aids in devising efficient
regulations that balance disease control with individual satisfaction and convenience. The
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proposed control measures not only empower authorities to implement successful pandemic
control policies for Delta outbreak or future pandemics of similar nature but also contribute
to societal satisfaction by suggesting the relaxation of travel load limitations. This, in turn,
allows people to engage in their desired activities as they did pre-pandemic, contingent upon
adhering to the specified levels of VR, FMOH, and social distancing.

Finally, it is important to note that the results may not be directly applicable to urban
areas other than Sydney GMA. While the policy-related parameters and parameters of
the disease spread agent-based model might be consistent across various areas, the travel
behaviour-related parameters, which capture activity participation and trips of individuals,
are area-specific and need to be calibrated for the desired region.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Appendix A

The following Fig. 6 illustrates the process through which an agent’s category may change
within the disease spread simulator.
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Fig.6 The disease spread simulator flowchart (Najmi et al. 2021a)

Appendix B

Different agent-based models are utilised in the literature to estimate the progression of
COVID-19 spread and evaluate strategies to control the outbreak of the infectious disease.
However, disease spread estimations in the literature are often based on observational epi-
demiologic studies, essentially aggregated models that may not be directly applicable to
agent-based models. Consequently, these models need calibration. The parameters influenc-
ing disease spread are highly interrelated, and their effects on simulation outputs should be
considered. Recognising these interactions, a set of parameters must be calibrated simulta-
neously to capture their combined effects. To address this, Najmi et al. (2021a) implemented
a response surface methodology (RSM)-based approach to calibrate parameters for Syd-
neyGMA, taking into account their mutual effects. RSM involves a set of mathematical and
statistical techniques used to develop, improve, and optimise processes where a response of
interest is influenced by several factors, with the ultimate goal of optimising the response.
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The calibrated parameters included infection probability per contact, infection prob-
ability at home, quarantine probability, base contact number, contact number in transit,
and incubation period. A feasible range for each calibration parameter (as input to the
RSM) was specified, indicating the range within which the optimal value would likely
fall. For instance, the incubation period had a feasible range of 3 to 6 days, with values
closer to 4.5 having a higher probability of selection based on previous research (Guan
et al. 2020). The contact number had a feasible range set between 1 to 3 contacts. The
base contact number was assumed to be occupation-dependent, higher for community
service workers and sales workers by a factor of 1 to 1.5. The base contact number
in transit was considered higher, within the range of 6 to 14 (Miiller et al. 2020). It’s
important to note that efforts were made to establish initial feasible ranges based on
estimates from other studies to avoid generating inaccurate results. The calibration pro-
cess utilised observed daily and cumulative infections, as well as the death rate, with
the assumption that 23% of infections occur in transit (Miiller et al. 2020). For a more
in-depth understanding of the calibration process, readers are referred to Najmi et al.
(2021a).

To enhance the validation of the disease spread transmission model, a sensitivity
analysis of the calibrated parameters is presented in Figure B1. This analysis involves
running the model with a specific parameter set at its calibrated value, as well as 10%
above and below that value, while keeping other parameters constant. The blue dashed
line represents the base simulation, while the solid and dotted lines depict the model’s
response to values 10% above and below the calibrated values, respectively. Figure 7
illustrates that the base contact and infection probability per contact exhibit the high-
est sensitivity in the model. The incubation period and infection probability at home
are the next parameters that display considerable sensitivity in the disease transmis-
sion model.

1e2 A

—— Infection probability (per contact)
—— Infection probability at home
—— Quarantine probability
—— Base contact number
Contact number in PT vehicle

—— Incubation period
= = Base simulation

=+ Dotted line represents 10% lower
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0 10 20 30 40 50 60 70 80
Days

Fig.7 The assessment of the disease transmission model’s sensitivity, measured
in terms of the daily number of infections, to the calibrated parameters of the model
(Najmi et al. 2021a)
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